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In the XRF analysis of a rock, the hydration water, bound water, and carbon dioxide usually are measured separately by some relatively expensive and time consuming chemical method. Most of the chemical methods for the determination of interstitial water involve the gravimetric measurement of the water driven out of a sample and collected either on filter paper (Brannock and Shapiro, 1955) , in a glass tube (Maxwell, 1968) , or in a U-tube containing a desiccant (Hillebrand, Lundell, Bright, and Hoffman, 1953) . The organic and inorganic carbon determinations usually involve a volumetric or a chroma to graphic measurement of the evolved gas collected on an absorbent in a heating or fusion process (Kolthoff and S an dell, 1952; Jeffery and Kippling, 1962) . Both the precision and the accuracy of the wet chemical methods depend on whether the water and the evolved C0« are completely recovered and measured.
In this paper, we present a simple yet heretofore neglected method for the determination of the volatile content of rock specimens submitted to our laboratory for X-ray fluorescence analysis (XRF). In contrast to the conventional wet-chemical methods which require the collection of volatiles liberated from the sample, the loss-on-fusion (LOF) method uses the weight loss of the sample when subjected to a routine fusion process (Ingamells and Suhr, 1967) . Such measurements can be done accurately and routinely without significant additional effort or cost when conducted as part of the conventional sample preparation procedure for quantitative XRF analysis.
The loss-on-fusion (LOF) method reported in this note is based on the thermogravimetric accounting of reagents and products in a conventional fusion procedure for quantitative XRF analysis. In the paragraphs that follow, we -4-outline the analytical framework for the LOF method, some procedural details with emphasis on the blank determination, and our evaluation of the LOF method on previously analyzed rock samples. Some possible pitfalls are identified in the section on results, and additional areas for study are proposed in the conclusion.
ANALYTICAL CONSIDERATIONS
The gravimetric bookkeeping for the LOF procedure rests on the following considerations. The flux charge is prepared from a weighed mixture that includes the sample, the flux, and commonly, an oxidant and a releasing agent.
In the semi-automated fusion procedure used in our laboratories, 1.0 gram of sample is mixed with 6.0 grams of lithium tetraborate flux (Li^B^Oy), 1.5 grams of lithium nitrate oxidant (LiNOg) and four drops of HBr (9.0 M) releasing agent in a non-wetting 95% Pt-5% Au crucible. The mixture is fused into a glass disc by static heating for 4 minutes at 500°C and by heating with agitation for 29 minutes at 1100°C. After cooling to room temperature, an intact fused glass disc is retrieved from the crucible and the disc weight is accurately determined. Additional details on the fusion procedure are available in an earlier report (Fabbi and Elsheimer, 1976) . In general, each component of the mixture undergoes a degree of oxidation, reduction, and/or volatilization during the fusion process. In the following treatment, we evaluate the relationship between the weight of the fused disc retrieved from the crucible, the loss-on-fusion, and the gravimetric factors which reflect chemical alterations in the melt during the fusion process.
-5-For a given flux, oxidant, and releasing agent, the fractional weight losses due to release of water, nitrogen, oxygen, bromine, etc. should be reproducible for each fusion preparation. In the mass balance equation that follows, the residual mass of the flux, oxidant, and releasing agent is represented collectively by "R," and the mass of the undried "as is" sample is designated "W." Also, "a" represents the fractional weight loss of the sample due to volatilization of constituents such as CO^, H^O , and ^0", and g,,, is the gravimetric factor accounting for the net mass alterations of the dry sample during fusion. The weight of the disc retrieved from the crucible will be given by:
Solving equation [1] for the LOF term, we obtain the expression:
The key element in the use of equation [2] for the determination of LOF is the definition and measurement of an appropriate blank. The blank must take into account the volatile content of the lithium tetraborate/lithium nitrate/bromine flux mixture, the amount of oxygen retained by the sample in the fusion process, and the amount of tightly bound water and bromine accommodated in the glass structure of the disc. The most general approach is to define the blank value, B, as the disc weight for a rock sample prepared An alternate form of equation [6] makes use of a reference rock for which the net gravimetric factor has been determined and for which the "a" value is known from chemistry determinations. In equation [7] , the reference quantities are shown in italics.
W(l-a)
Equations [6] and [7] were used with independently available wet chemistry volatility data to evaluate gN values for a variety of rock samples. 
The net gravimetric factor, g N , is a measure of the mass alteration of the sample during the fusion process and can be used to monitor the reproducibil ity of the fusion chemistry from rock to rock. This factor can be understood in its simplest terms if in equation [1] we set a =0 and solve for
Clearly, g N is the ratio of the residual mass of the sample to the original mass of the dry sample; in the ideal fusion process, the rock component in the fusion mix will not undergo chemical alteration, and gN will have a value of unity. The net gravimetric factor for a given rock can be easily determined from two separate fusion preparations of the same rock, each with a different dry rock weight, W and Wx. equation [1] , written for the mass balance for each preparation with a=0, when solved simultaneously for gN , yields:
In equation [8] , the concentrations denoted c. are expressed in terms of the "as is" sample, and the gravimetric factors, g., are for the ith species undergoing alteration by a particular chemical reaction. It should also be noted that the quantity (W+R) corresponds to the blank value from equation [3] for well behaved samples for which g*,=l. Accordingly, we can define the ideal blank, B°, by equation Interestingly, a gravimetric factor of 3 is exactly that obtained for the oxidation of sulfide to sulfate (Molecular weight of SO^/Molecular weight of s ul fur).
In contrast to figure 2, the scatter of points in figure 3 indicates that some number of species other than Mn are undergoing mass alteration. If the chemistry were well behaved with respect to Mn, g» would equal unity, the quantity (D-Hda) would equal B°, and the curve would be linear with slope equal to zero. Note that the last four points on the right in figure 3 tend to be independent of manganese concentration and scatter around a reasonable value for B°; as expected, manganese appears to be well behaved. The first four points on the left in figure 3, scattering substantially above the B° base line, revealing mass alteration not accounted for by manganese.
In summary, only one species appears to be involved in the mass alteration process for the rocks studied, vis. sulfide. The mass alteration reaction is the oxidation of sulfide to sulfate. And, under the conditions of these experiments, the oxidation is not only complete, but the sulfide originally present is also retained quantitatively in the sulfate oxidation state.
Similar excess oxidation relative to the reference blank would be expected for samples abnormally high in ferrous iron. We have detected such an oxidation pattern for ferrous iron and have made a plot similar to figure 2 for a suite of samples containing ferrous iron in the range 8-10 percent. Table 2 shows results similar to those in Table 1 for rocks that contain low to significant amounts of sulfide. The LOF values in Table 2 can errors due to such unusual chemistry be detected in a routine operation, and (c) can corrections be made to the LOF measurement on a routine basis?
In the course of our application of the LOF technique to the analysis of many hundreds of rocks, we have had complete success in detecting erroneous LOF values where such values resulted from mass alteration reactions in the fusion procedure that were not accounted for by the blank. These problem samples were identified almost exclusively by the total of the XRF and LOF values for the analysis, an independent measure that will always fall below the range of statistically acceptable numbers if excess oxidation had taken place in the fusion melt. In many examples, low chemistry totals, and therefore low LOF values, have signalled the presence of highly oxidizable species in the sample that were otherwise not expected. Commonly, such species include sulfide and ferrous iron.
From the thermo gravimetric data of this study, we have successfully identified the nature of mass alteration reactions as excess oxidation relative to the blank, the number of such reactions, the particular species exhibiting excess oxidation, and the specific oxidation reactions. We have found that sulfide is retained quantitatively as sulfate, a phenomenon which permits the X-ray fluorescence determination of sulfide in a rock sample prepared by a conventional fusion procedure. The questions still remain, however, whether other oxidation states of sulfur are partially or totally lost as volatile oxides during fusion and how we should interpret the determination of sulfur for a mixture of oxidation states. We are presently exploring these questions by Thermo gravimetric analysis and Differential Scanning Calorimetry.
In summary, the LOF method described in this report, which is based on simple mass balance considerations, has provided valuable volatility information on samples submitted for X-ray fluorescence analysis. 
